INTRODUCTION

35
Magnaporthe oryzae is a filamentous fungus and the causal agent of rice blast disease. Each 36 year, rice blast disease causes up to 18% yield losses and recurrent epidemics occur in all rice-37 growing regions of the world (Wilson and Talbot, 2009) . Understanding the biology of plant 38 infection by M. oryzae is therefore critical for development of durable control strategies for blast Figure 3A) . The polarisome component Spa2-GFP also 120 localized as a bright spot at the hyphal tip (Supplemental Figure 3B ; Supplemental Movie 1).
121
Fimbrin-GFP localised sub-apically to a cortical collar in growing hyphae (Supplemental Figure   122 3C; Supplemental Movie 2), while other polarity components, Snc1, Sec2, Sec9, Sec4 and Rac1 123 preferentially localized to the tips of growing vegetative hyphae Supplemental Movie 4). GFP-Cdc42 was cortically distributed with strong tip localisation 125 (Supplemental Fig 3I; Supplemental Movie 3). Moreover, Sec2, the putative guanine nucleotide 126 exchange factor (GEF) for Sec4, was tip localised, often appearing slightly sub-apical to the 127 Spitzenkörper ( Supplemental Fig 4) We conclude that the exocyst forms a complex at the very 128 apex of hyphal tips of M. oryzae that is distinct from the Spitzenkörper.
129
In order to understand the composition of the exocyst complex, Sec6-GFP and Exo84-
130
GFP were immuno-precipitated from hyphal protein extracts and liquid chromatography-tandem 131 mass spectrometry (LC-MS/MS) performed to identify unique peptides. Mass-spectrometry data 132 was aligned with the predicted set of M. oryzae proteins and parameters set to 95% confidence for protein match and a minimum of two unique peptide matches with 95% confidence. All 134 seven of the remaining exocyst subunits were identified by co-immunoprecipitation with Sec6 135 and Exo84, as shown in Table 1 , consistent with the predicted octameric nature of the complex.
136
Interestingly, Sec10 was always observed in co-immunoprecipitation experiments with both
137
Sec6 and Exo84 and we conclude that it forms part of the octameric exocyst complex. However, 138 our inability to co-localise Sec10 in live cell imaging studies does not preclude the possibility 139 that it is not always associated with the rest of the sub-units, or is present in only a sub-set of 140 complexes. We also identified additional interacting proteins, including all four core septin 141 GTPases, actin-binding proteins, Rho-GTPase and the Pmk1 MAPK (Mitogen-activated protein 142 kinase), which is involved in regulation of appressorium development in M. oryzae (Xu and 143 Hamer, 1996) . The proteins identified are consistent with the exocyst being associated with the 144 polarised tips of fungal hyphae and their predicted function in exocytosis, but also suggested a 145 specific involvement in appressorium-mediated plant infection.
146
Organisation of the exocyst at the appressorium pore of M. oryzae 147 To understand the role of the exocyst components during plant infection, we visualized Supplemental Figure 5 ). This is consistent with the inside edge of the heteromeric septin ring 157 complex, and the toroidal F-actin network that bring about re-polarisation of the appressorium 158 during plant infection (Dagdas et al., 2012) . We co-localised F-actin in a strain expressing Sec6-
159
GFP by expression of LifeAct-RFP. Toroidal F-actin co-localised with the exocyst ring 160 extending in a larger, more dispersed network around the appressorium pore ( Figure 2C ). To 161 investigate the nature of the appressorium pore, we investigated the localization of other polarity 162 components. We found that Sec9-GFP, a putative membrane-bound t-SNARE, localized in 163 puncta around the appressorium pore (Supplemental Figure 6) . Similarly, Snc1-GFP (a putative 164 vesicle bound v-SNARE), Fim1-GFP (Fimbrin, an actin-binding protein), Rac1-GFP (a Rho type 165 GTPase) and Cdc42-GFP (a polarity-associated small GTPase) all localized at the centre of the 166 appressorium pore (Supplemental Figure 6 ). These results are consistent with the appressorium 167 pore acting as an active hub for signalling during re-establishment of polarised growth during 168 plant infection.
169
Exocyst-dependent secretion at the appressorium pore 170 To investigate the role of the appressorium pore in polarized exocytosis, we next determined if 171 known pathogenicity determinants are secreted in an exocyst-dependent manner during plant 172 infection. We initially checked secretion of total protein in axenic culture from exocyst mutants 173 ∆sec5 and ∆exo70 and compared this to the isogenic wild type Guy11. In ∆sec5 and ∆exo70 174 there was, respectively, greater than 50% and 60% reduction in secretion of protein compared to 175 Guy11 (P < 0.01) (Supplemental Figure 7) . We then investigated secretion of a virulence-176 associated factor. During initiation of plant infection by M. oryzae the fungal spore releases 177 spore tip mucilage (STM) to attach itself to the leaf surface (Hamer et al., 1988) . This acts as an 178 adhesive and is also secreted from the appressorium to facilitate adhesion to the hydrophobic 179 9 cuticle. STM can be detected using the lectin concanavalin A conjugated to fluorescein 180 isothiocyanate (FITC) (Hamer et al., 1988) . We investigated STM secretion in ∆sec5 and ∆exo70 181 mutants. Spores from ∆sec5 and ∆exo70 mutants were harvested and appressoria allowed to form 182 on hydrophobic borosilicate glass coverslips. Secretion of STM was then observed by FITC-
183
ConA labeling and epifluorescence microscopy, as shown in Figure 3 . Spores of Guy11 showed 184 a very strong signal for STM compared to those of ∆sec5 and ∆exo70 mutants both at the tips of 185 germinating conidia and at the base of appressoria ( Figure 3A) . We observed that 83% and 71%
186
conidia from ∆sec5 and ∆exo70 mutants showed less fluorescence than Guy11, respectively 187 ( Figure 3B ). Similarly, the fluorescence signal from mature appressoria in exocyst mutants was 188 also significantly reduced (P<0.05) with 80% and 66% of appressoria showing less fluorescence 189 in ∆sec5 and ∆exo70 mutants, respectively, than Guy11.
190
Consistent with impaired secretion, ∆sec5 and ∆exo70 mutants are required for full 191 virulence ( Figure 3C and D) . We used the susceptible rice (Oryza sativa) cultivar found a significant (P<0.05) reduction in the ability of exocyst mutants to cause rice blast disease 193 compared to Guy11 ( Figure 3C ). Taken together, we conclude that the appressorium pore is an 194 active site of secretion during plant infection.
196
Sec6 is required for exocyst assembly at the appressorium pore 197 To investigate exocyst function, we attempted to generate targeted gene deletion mutants for all 198 exocyst-encoding genes. All exocyst subunits are essential in yeast, except Sec3, although ∆sec3 199 mutants show severe growth defects (Wiederkehr et al., 2003) , while temperature sensitive 200 mutations in exocyst subunits, lead to accumulation of secretory vesicles at the sites of bud tips 201 and the mother bud neck (Novick et al., 1980) . In M. oryzae only ∆sec5 and ∆exo70 mutants 202 could be generated (Giraldo et al., 2013) . We therefore generated a temperature-sensitive mutant 203 of SEC6. In yeast, the sec6-4 mutant grows normally at 25 °C but at non-permissive temperature, 204 37 °C, its growth is severely impaired. Generating a point mutation, L633P, in the SEC6 coding 205 region leads to the sec6-4 phenotype (Lamping et al., 2005) , so we attempted to target the same 206 region of M. oryzae SEC6 to generate a temperature-sensitive mutant by allelic replacement. We Table 2 ).
214
In budding yeast, conditional mutation of Sec6 causes disassembly of the exocyst 215 complex at 37°C (Songer and Munson, 2009) . To test whether the exocyst complex depends on
216
Sec6 for assembly at the appressorium pore, we investigated pore organisation in the sec6 Y601P 217 mutant. We localized Sec5-GFP and Sec8-GFP in the sec6 Y601P mutant and found that ring 218 confirmation of the exocyst complex was disrupted at the semi-restrictive temperature of 29 °C, 219 but formed normally at 24 °C ( Figure 4B and C). Consistent with loss of exocyst organisation,
220
we found the sec6 Y601P mutant was significantly reduced (P<0.05) in its ability to cause rice blast 221 disease at 29 °C, but showed normal virulence at 24 °C compared to Guy11 ( Figure 4D and E).
222
We also localized exocyst components Exo70, Sec3, Exo84, Sec15 in a sec6 Figure 8D) . We conclude that Sec6 is required for core assembly of exocyst 229 subunits at the appressorium pore, which is a necessary pre-requisite for plant infection.
231
Septin-dependent assembly of the exocyst complex 232 In M. oryzae the toroidal F-actin network at the appressorium pore is organised by a 233 heteromeric septin ring, composed of septins, Sep3, Sep4, Sep5 and Sep6 (Dagdas et al., 2012) .
234
To test whether exocyst assembly at the pore utilizes the F-actin cytoskeleton or microtubules, 
239
The observed physical interaction between the exocyst complex and septin GTPases 240 suggested a role for septins in exocyst organisation (Table 1) . Therefore we decided to test of appressorium development (Dagdas et al., 2012) and we observed transition of the exocyst 247 from the cortex of the appressorium to the pore after 11 h of development. When considered 248 together, these observations suggest that the appressorium pore is first defined by septins and 249 that this is necessary for exocyst organisation (Supplemental Figure 12 ; Supplemental Movie 6).
250
CHM1 is a Cla4 homologue of yeast in M. oryzae, and a member of the PAK (p21-251 activated kinase) family that phosphorylates septins. In M. oryzae, the ∆chm1 mutant is not able 252 to form either a septin ring or the toroidal F-actin network (Dagdas et al., 2012) . We observed 253 Sec6:GFP in a ∆chm1 mutant and it localized to the cortex of the appressorium at 4 h, but was 254 mislocalized in mature appressoria, failing to organise at the pore (Figure 5A and 5B; by NADPH oxidases (Ryder et al., 2013) . To test whether organization of the exocyst complex is 260 also dependent upon NADPH oxidase activity, we expressed Sec6-GFP in ∆noxR, ∆nox1 and 261 ∆nox2 mutants (Ryder et al., 2013) . We found that Sec6-GFP was mis-localized in mature 262 appressoria of ∆noxR and ∆nox2 mutants (Figure 5A and 5B; Supplemental Figure 11 and 13).
263
However, in a ∆nox1 mutant, Sec6-GFP localised in the same way as in the wild type strain 264 Guy11 (Supplemental Figure 13 ). This is consistent with the observations made by Ryder et al, 265 (2013) which showed that the NoxR-Nox2 NADPH oxidase is required for septin ring formation 266 at the appressorium pore.
267
In M. oryzae, the Pmk1 pathway is regulated through upstream components, including 
DISCUSSION
282
In this study we set out to understand how polarised exocytosis is regulated during appressorium- and very little is currently understood about this process (Kleemann et al., 2012; Giraldo et al., 290 2013; Irieda et al., 2014) . We therefore characterised the exocyst complex of M. oryzae and 291 based on the analysis reported here we can make three major conclusions.
292
First of all, we can conclude that the exocyst forms a complex at the tips of growing 293 hyphae, which can be visualised as a crescent-shape at the apex of the tip, in close proximity to, 294 or associated with, the apical plasma membrane. Exocyst proteins are hydrophilic, cytosolic 295 proteins that can associate with membranes (TerBush et al., 2001) , consistent with such a 296 location. Our co-immunoprecipitation experiments, meanwhile, confirmed that the exocyst exists 297 as an octameric complex. The exocyst therefore occupies a distinct site from the vesicle supply 298 centre, or Spitzenkörper, which delivers secretory vesicles to the growing tip, consistent with its 299 role in tethering secretory vesicles to the plasma membrane before their SNARE-dependent 300 fusion and cargo deposition (Novick et al., 1981; TerBush et al., 1996) . Exocyst localisation in The second major conclusion we can make is that the appressorium pore is the site at 316 which the exocyst assembles prior to plant infection, indicating that polarised exocytosis is only for penetration peg emergence, but also for the deployment of virulence-associated proteins.
325
The appressorium pore, however, is also a site of endocytosis, as evidenced by the presence of Fimbrin-GFP and BAR domain proteins such as Rvs167 (Dagdas et al., 2012) . Recent evidence 327 has suggested that the exocyst may be pivotal to organisation of both endocytosis and exocytosis, 328 acting as a network hub for spatial regulation of these interlinked processes (Jose et al., 2015) .
329
Our results are consistent with this idea, since endocytosis and exocytosis both occur within the 330 appressorium pore and must be balanced effectively to ensure plasma membrane homeostasis 331 during rapid polarised extension of the penetration peg.
332
Finally, we can conclude that septins play a key role in recruiting and organising the 333 exocyst to the appressorium pore. It is clear from temporal analysis of exocyst localisation that 334 accumulation at the pore does not occur prior to septin gene expression and ring formation. In 335 M. oryzae, septins form a hetero-oligomeric ring around the appressorium pore and Cdc42 is 336 required for ring formation (Dagdas et al., 2012) . This is consistent with evidence from budding 337 yeast that deployment of septins to the polarized bud site is also dependent on Cdc42 and that the 338 septin ring is confined by polarized exocytosis to this region (Okada et al., 2013) . In yeast, 339 septins compartmentalize the cortex around the cleavage site and maintain both exocyst and 340 polarisome complexes at the bud site by forming a diffusion barrier (Barral et al., 2000;  341 Dobbelaere and Barral, 2004) . In M. oryzae, septins act as a diffusion barrier at the 342 appressorium, maintaining the position of proteins such as Tea1, a wide range of BAR domain 343 proteins, and the Arp2/3 complex protein, Las17, associated with actin polymerisation, 344 membrane curvature and re-polarisation (Dagdas et al. 2012) . This study provides evidence that 345 the exocyst complex is also recruited and spatially organised at the appressorium pore in a 346 septin-dependent manner. Consistent with this idea, the regulated synthesis of ROS, which is 347 required for septin ring formation (Ryder et al., 2013) , is also necessary for exocyst recruitment, 348 while the interaction between septins and exocyst components predicted by co-349 immunoprecipitation is also consistent with their close association.
350
In summary, septin-dependent assembly of the exocyst complex is key to the operation of 
METHODS
360
Fungal strains, growth conditions and DNA analysis 361 All M. oryzae isolates used in this study were derived from the wild type strain Guy11 (Leung et 362 al., 1988) . Growth conditions and maintenance of M. oryzae, fungal transformation, nucleic acid 363 extraction, and appressorium development assays were performed, as previously described 364 (Talbot et al., 1993) . Standard procedures were followed for polymerase chain reaction, gel 365 electrophoresis, restriction digestion, DNA gel blots, and DNA sequencing (Sambrook and 366 Russell, 2000) .
367
Plant infection assay 368
Rice infection assays were carried out using the blast-susceptible cultivar CO-39. Spores were (Talbot et al., 1993) . All infection assays were repeated three times using 40 seedlings per 375 experiment.
376
Light and epifluorescence microscopy 377 Appressorium development assays were performed on hydrophobic boroslicate glass coverslips 378 (Fisher Scientific), as described previously (Ryder et al., 2013) . For epifluorescence microscopy, 379 conidia were incubated on coverslips and observed at each time point using an IX-81 inverted 380 microscope (Olympus) and a UPlanSApo X100/1.40 oil objective. Movies were captured using 
Generation of GFP fusion plasmids
390
All translational GFP-fused constructs were generated by the gap repair cloning method, based 391 on homologous recombination in S. cerevisiae (Raymond et al., 1999) Figure 14) . N-terminal translational 400 fusions were generated through cloning of the GFP fragment between the native promoter and 401 coding sequence of the corresponding gene (Supplemental Figure 14A) . To generate C-terminal 402 translational GFP-fusions, primers were designed to amplify the gene of interest including 2 kb 403 upstream of the start codon, GFP and the TrpC terminator (Supplemental Figure 14B) . A temperature-sensitive sec6 mutant was generated by point mutation at position Y601P of 406 SEC6, based on the previously reported S. cerevisiae mutation (L633P) which caused 407 temperature sensitivity (Lamping et al., 2005) . In M. oryzae, we mutated the same conserved 408 region of Sec6p (Supplemental Figure 5A) . The hygromycin resistance cassette (Carroll et al., 409 1994) was cloned between the coding sequence and terminator of the gene. Restriction sites
410
BamHI and HindIII were introduced into Sec6.TS.1F and Sec6.TER.R primers, respectively 411 (Supplemental Table S2 ). The plasmid was confirmed by DNA sequencing and a BamHI HindIII 
421
Inhibitors were added after 16 h of appressorium development and observations made after 24 h 422 exposure to 0.1 % DMSO was used as the control treatment. for 24 h. Culture filtrates were collected and subsequently freeze-dried. Lyophilized culture 428 filtrate was re-suspended, diluted and assayed using the Bradford method (Bradford, 1976) .
429
Protocol and reagents were obtained from Bio-Rad (Quick Start™ Bradford Kit 2 (500-0207)).
431
Coimmunoprecipitation (Co-IP) Experiments and LC-MS/MS Analysis.
432
Total protein was extracted from lyophilised M. oryzae mycelium after growth in liquid CM for Carroll, A., Sweigard, J., and Valent, B. (1994) . Improved vectors for selecting resistance to Irieda, H., Maeda, H., Akiyama, K., Hagiwara, A., Saitoh, H., Uemura, A., Terauchi, R., and Jose, M., Tollis, S., Nair, D., Mitteau, R., Velours, C., Massoni-Laporte, A., Royou, A., Kleemann, J., Rincon-Rivera, L.J., Takahara, H., Neumann, U., Ver Loren van Themaat, E., 575 van der Does, H.C., Hacquard, S., Stuber, K., Will, I., Schmalenbach, W., Schmelzer, E. and Riquelme, M., Bartnicki-García, S., González-Prieto, J.M., Sánchez-León, E., Verdín- Sweigard, J., Chumly, F., Carrol, A., Farrall, L., and Valent, B. (1997) . A series of vectors 654 for fungal transformation. Fungal Genet. Newsl., 52-55.
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Genes Dev 10, 2696-2706. Micrographs and corresponding linescan graphs to show localisation of the exocyst complex and the Spitzenkörper in growing hyphae of M. oryzae. Strains of the fungus expressing Sec8-GFP, Exo70-GFP, Exo84-GFP, Sec5-GFP, Sec6-GFP, Sec3-GFP and Sec15-GFP were prepared with each gene fusion expressed under control of its native promoter. Each strain was incubated overnight at 24°C on a 0.8% distilled water agar slide in a humid chamber. The lipophilic dye, FM4-64, was then used to label the. Spitzenkörper. Epifluorescence micrographs were overlaid to observe relative localisation and a line scan graph generated. Scale bar=10µm. During initial stages of conidial germination and germ tube formation Sec6 localized to the germ tube tip and during early stages of appressorium formation Sec6-GFP localized to the periphery of the appressorium at the plasma-membrane. After 24 h, Sec6 expressed at the base of the appressorium and formed ring at the appressorial pore.
(B) Micrograph of the other exocyst subunits Exo70, Sec5, Exo84, Sec8, Sec3 and Sec15 formed ring at the appressorium pore after 24 h. Linescan graphs show each exocyst-GFP fluorescence in the appressorium.
(C) Colocalization Sec6-GFP and LifeAct-RFP in the mature appressoira and linescan graph consistent with colocalization of the exocyst ring and actin network around the appressoria pore. Scale bar=10 µm. 
